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Available online ▪ ▪ ▪AbstractAs a new technical approach, wave energy converter by using vertical motion of water in the multiple water chambers were developed to
realize actual wave power generation as eco-environmental renewable energy. And practical use of wave energy converter was actually to require
the following conditions: (1) setting up of the relevant device and its application to wave power generation in case that severe wave loading is
avoided; (2) workability in installation and maintenance operations; (3) high energy conversion potential; and (4) low cost. In this system,
neither the wall(s) of the chambers nor the energy conversion device(s) are exposed to the impulsive load due to water wave. Also since this
system is profitable when set along the jetty or along a long floating body, installation and maintenance are done without difficulty and the cost is
reduced. In this paper, we describe the system which consists of a float, a shaft connected with another shaft, a rack and pinion arrangement, a
ratchet mechanism, and rotary type generator(s). Then, we present the dynamics model for evaluating the output electric power, and the results of
numerical calculation including the effect of the phase shift of up/down motion of the water in the array of water chambers aligned along the
direction of wave propagation.
Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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shift in water's up/down motion1. Introduction
A rising demand for energy coupled with the problem of
environmental pollution has led to investigations into potential
new energy resources (Evans, 1982; Sarpkaya and Isaacson,
1981). Wave energy represents one of the most dependable
and predictable sources of renewable energy available which is
free from the variations present in wind or solar energy.
Various mechanisms for extracting wave energy have been
developed but not fully realized due to structural strength and
economic problems.* Corresponding author.
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2092-6782/Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).For the practical application of wave power, the following
factors are important: durability of the device, workability
(without difficulty in installation, maintenance and repair),
high efficiency, and low cost. The durability of the device
includes those of both the external structure and the power
converting portion of the device. It can be said with certainty
that the lack of fulfilment of the above mentioned conditions is
the main reason that the wave power conversion technology
has not reached a commercially generating stage (Nagai et al.,
2002; Takahashi, 1993).
In order to meet these conditions, Hadano et al. (2013)
designed the system which consists of water chambers array
aligned along the wave propagation direction and the float-
type wave energy converters each of which is installed in
the chamber and utilizes the gentle up/down motion of the
water in the chamber. In this system, neither the wall(s) of thelizing vertical motion of water in the array of water chambers aligned in the
cean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.06.002
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Fig. 2. Concept of the rack and pinion system.
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the impulsive load due to water wave. Also since this system is
profitable when set along the jetty or along a long floating
body, installation and maintenance are done without difficulty
and the cost is reduced. Waves near the jetty or a loosely
moored long floating body will propagate toward the length of
these structures. Therefore, an array of water chambers
set along the jetty or a long floating structure is profitable in
the sense that the outer wall is never exposed to severe wave
loads.
The authors also considered the use of the float-
counterweight type device (Hadano et al., 2006). This device
consists of a float, a counterweight, a wire, pulleys, a shaft, a
ratchet mechanism and an electric generator. The major
advantage of the device is that due to the flexibility of the wire,
it is free from major structural problems common to most of
the movable body types. The device was designed to generate
power utilizing the vertical motion of the float. However, ex-
periments showed large surge motions of the float caused the
float to slam with the walls of the water chambers. Hence, the
authors have developed a new device which replaced the
counterweight and the wire by a rack and pinion arrangement
to remove the problem of the horizontal motion of the float. In
addition, the device is more robust and compact than the float-
counterweight device.
2. Proposal for the utilization of water chambers
The basic principle of energy extraction was proposed
earlier (Hadano and Kan, 2013). The system consists of
multiple water chambers set along the direction of the wave
propagation as shown in Fig. 1. The motion of the water mass
in these chambers is mostly vertical and is utilized for
extraction of energy by the rack and pinion system installed in
each of the chambers (Koirala et al., 2012). Fig. 1 is the
schematic diagram of the total system and Fig. 2 shows the
working principle of the rack and pinion system.
The array of water chambers can be set along a jetty
(Fig. 3) or can be left to float independently using mooring. In
either case, the impulsive impact of the incident wave is
avoided by the wall set diagonally before of the front chamber
and therefore the motion of water in the chambers is a gentle
up and down.2.1. Composition of the new systemThe new system consists of the water chambers and the
rack and pinion system. The rack and pinion system consistsFig. 1. Concept of the total system.
Please cite this article in press as: Hadano, K., et al., Wave energy conversion uti
direction of wave propagation, International Journal of Naval Architecture and Oof a float, a rack and pinion arrangement, a ratchet system, a
shaft, a gearbox and an electric generator to produce elec-
tricity. The vertical motion of the water in the chambers causes
the float to move up and down. This motion is transferred into
the rotational motion of the shaft using the rack and pinion
arrangement. Although each of the shafts rotates individually,
the output electrical power is synchronized later.2.2. Dynamics modelThe dynamics model includes the equation of balance of
the stationary free state of the float, equation of the vertical
motion of the float, equation of the rotary motions and the
equation of the electric generator.2.3. Equations of the dynamics modelIn the equations of the dynamics model, g: acceleration due
to gravity, rw: mass density of water, df: diameter of the float,
Mf: mass of the float, h: draft of the float in stationary free
state, xf:vertical displacement of the float, xw: water surface
displacement, t: time in seconds, T: tension force in the shaft,Fig. 3. Sketch of the system set along a jetty.
lizing vertical motion of water in the array of water chambers aligned in the
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inertia of the all the rotary elements, C: total mechanical
damping, t: torque of the pinion required to rotate the
generator, and Rp: radius of the pinion. Using these symbols,
the equations of force balance at stationary free condition is
Mfg¼ 1
4
prwgd
2
f h ð1Þ
The equation of the motion of the float is given by
Mf
dx2f
dt2
¼ T þ 1
4
prwgd
2
f

hþ xw xf
Mfg ð2Þ
The equation of the rotary motion of the shaft is given by
I
dq2
dt2
¼Cdq
dt
 tRpT ð3Þ2.4. Equations of the generatorTable 1
Specifications of the device.The torque received by the driving pulley from the gener-
ator in anticlockwise direction, t, and the potential difference,
e, are given by Eq. (4) and Eq. (5), respectively.
t¼Gkti ð4Þ
e¼ Gkedq
dt
ð5Þ
where kt, and ke are the torque and the voltage constants of the
generator respectively, G is the gear ratio and i is the current.
The torque exerted at pinion by the generator is
t¼ G
2
r
ktke
dq
dt
ð6Þ
Finally, Eqs.(5) and (6) and Ohm's law can be normally
applied to obtain the equation for the electrical power output.
The instantaneous output electric power is given by
PG ¼ r$i2 ¼ r
Gke
r
$
dq
dt
2
ð7Þ
where, G: total gear ratio from the pinion to the generator, r:
load resistance of the generator, t: the torque acting on the
pinion, and PG: electrical power.Symbol (unit)
Float Mass Mf (kg) 32202.5. Final equation for calculation
Diameter Df (m) 2
Height Hf (m) 2
Draft ratio rs 0.5
Radius Rm (m)
Driving pulley Mass moment of inertia I (kg$m2) 1.2348
Pinion Radius Rp (m) 0.18
Gear Ratio G 41.36
Generator Induction generator ratio Ke (V/rps) 0.7639
Torque coefficient Kt (N$m) 0.7639
Load resistance r (U) 0.6666
Machine Viscous damping coefficient C (N$m$s) 1470
Gravity acceleration g (m/s2) 9.8
Seawater density rw (kg/m
3) 1025The final equation for calculation is given as a second order
differential equation in terms of the rotation angle of the
pinion.

I
Rp
þMfRp

d2q
dt2
þ 1
Rp

CþG
2ktke
r

dq
dt
þ rwg
pd2f
4
Rpq
¼ rwg
pd2f
4
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chamber number n þ 1 is given as
xwðtÞ ¼ tanh t H
2
sinu

t na
c

ð9Þ
where H: wave height, u ¼ 2p/T: angular velocity of water
wave of wave period T, c: wave celerity which depends on the
water depth and wave period, and a: distance between the
centres of the adjacent water chambers.
The initial conditions necessary to solve the aforemen-
tioned differential equations are given as follows
qð0Þ ¼ H
2Rp
;
dq
dt

t¼0
¼ 0 ð10Þ
3. Calculation results
In this section, the results of the numerical calculation are
presented. First, calculation results for the rack and pinion
device are given. Then, the results for the combination of rack
and pinion and the water chambers are presented. The di-
mensions of the energy converter and other specifications are
given in Table 1.3.1. Average output power for the rack and pinion deviceThe average power output has been calculated for various
wave heights and periods for two different cases of operation:
Intermittent operation and continuous operation as shown in
Figs. 4 and 5, respectively. As expected, the average power
increases with the increase of the wave height for a given wave
period. The values are slightly greater for the case of contin-
uous generation. With respect to the wave period, the highest
values are observed at around 4 s, which may be due to the
resonance. The variation of average power seems to be almost
identical for both the cases. However, for long wave periods
the power output is slightly smaller for the intermittent gen-
eration case.lizing vertical motion of water in the array of water chambers aligned in the
cean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.06.002
Fig. 4. Average power output at various wave periods and wave heights in intermittent operation condition.
Fig. 5. Average power output at various wave periods and wave heights in continuous operation condition.
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devices set in the water chambers are presented. The dimen-
sion of the energy converter is the same as that given in Table
1.3.3. Effect of the length of the water chamber array in
relation to the wavelengthFig. 6. Time series of the power output of continuous operation for T ¼ 5 s,
depth ¼ 10 m, wave height ¼ 1 m, wavelength ¼ 36 m, total length of
chambers ¼ 0.5wavelength, water chamber c/s 2.5 m square.The effect of the relative length of the array of water
chambers with respect to the wavelength on the output power
is investigated. The wave height in the calculation is 1 m,
wave period is 5 s, water depth is 10 m, diameter of the float
is 2 m, wavelength is 36 m, and each of the water chambers
is 2.5 m square in cross section. The results are plotted in
Figs. 6 and 7. The blue line indicates the total power of the
system where as lines of other colours indicate the power
obtained for individual water chambers. The chambers are
identified by the numbers besides the lines in the legends ofPlease cite this article in press as: Hadano, K., et al., Wave energy conversion utilizing vertical motion of water in the array of water chambers aligned in the
direction of wave propagation, International Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.06.002
Fig. 8. Time series of the power outp
Fig. 7. Time series of the power output of continuous operation for T ¼ 5 s,
depth ¼ 10 m, wave height ¼ 1 m, wavelength ¼ 36 m, total length of
chambers ¼ wavelength, water chamber c/s 2.5 m square.
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output is more in the case where the device covers whole
wavelength. Hence, it is profitable to cover the whole length
of the wavelength.3.4. Comparison of power outputA comparison of the output power is made between the
continuous power generation case and the intermittent power
generation case for wave periods 4 s and 5 s. Figs. 8 and 9
show the results of the calculation for the intermittent and
continuous generations respectively. It is found that the vari-
ation of power output is more stable for the case of intermit-
tent generation at both wave periods. The peak values,
however, are higher for the continuous generation case. As the
average values are not that different, the intermittent gener-
ating condition is more desirable from the maintenance point
of view.ut during intermittent operation.
lizing vertical motion of water in the array of water chambers aligned in the
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Fig. 9. Time series of the power output during continuous operation.
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Based on a new system where the rack and pinion type
wave energy converter is located in an array of water cham-
bers, the device was set along the direction of the incident
wave propagation. As a result, the following conclusions
could be inferred from this study related to wave power
generation.
(1) From this study, the rack and pinion device in water
chamber is to be suitable for wave energy conversion as
the float does not move horizontally.
(2) Considering the average value as to the output power, the
average value of the output power is to be slightly greater
for the case of continuous generation as compared to the
intermittent generation.
(3) With respect to the array of the floating device with rack
and pinion concept, the array length of water chambersPlease cite this article in press as: Hadano, K., et al., Wave energy conversion uti
direction of wave propagation, International Journal of Naval Architecture and Omight cover the whole wavelength from the aspects of
stability for power output.
(4) In relation to stability of output power, the output power is
more stable in the case of ‘intermittent’ generation as
compared to ‘continuous’ generation, especially consid-
ering the overall safety.
(5) From this study, it was revealed that the ‘continuous’
generation device would be more efficient and practical
than the ‘intermittent’ one in terms of stability as to wave
power generation.Acknowledgements
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